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FIG. 3
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FIG. 12
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FIG. 15
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1
RADAR DEVICE

BACKGROUND

1. Technical Field

The present invention relates to a radar device which
receives a signal of a reflected wave that is reflected from a
target, through an antenna to detect the target.

2. Description of the Related Art

A radar device radiates a radio wave from a measuring
point, which receives a signal of a reflected wave that is
reflected from a target, and which measures the distance
between the measuring point and the target, the direction, and
the like. Recently, particularly, a radar device which can
detect not only an automobile, but also a pedestrian as a target
by a high-resolution measurement using a short-wavelength
radio wave such as a microwave or a millimeter wave has been
developed.

A radar device sometimes receives a signal in which a
reflected wave from a target at a short distance and that from
a target at a long distance are mixed with each other. In the
case where a range side lobe appears in the autocorrelation
characteristics of a signal of a reflected wave from a target at
a short distance, particularly, the range side lobe is sometimes
mixed with a main lobe appearing in the autocorrelation
characteristics of a signal of a reflected wave from a target at
a long distance. In this case, the accuracy of detection in
which the radar device detects the target at a long distance
may be impaired.

In the case where an automobile and a pedestrian are at the
same distance from a measuring point, moreover, a radar
device sometimes receives a signal in which signals of
reflected wave from the automobile and pedestrian having
different radar cross sections (RCS) are mixed with each
other. It is usually said that the radar cross section of a pedes-
trian is smaller than that of an automobile. Therefore, a radar
device is requested to, even in the case where an automobile
and a pedestrian are at the same distance from a measuring
point, properly receive not only a reflected wave from the
automobile, but also that from the pedestrian.

Therefore, a radar device which must perform a high-
resolution measurement on a plurality of targets such as those
described above is requested to transmit a pulse wave or pulse
modulated wave having characteristics in which the autocor-
relation characteristics are in the low range side lobe level
(hereinafter, referred to as “low range side lobe characteris-
tics”). Moreover, such a radar device is requested to have a
reception dynamic range which is so wide that, in the recep-
tion by the radar device, signals of reflected waves reflected
from targets that cause various reception levels depending on
the distance and kind of a target can be received.

In regard to the above-described low range side lobe char-
acteristics, a pulse compression radar has been known which,
by using a complementary code, transmits a radio frequency
transmission signal as a pulse wave or pulse modulated wave
having the low range side lobe characteristics. Here, the pulse
compression means that a pulse signal is pulse-modulated or
phase-modulated, transmission is performed by using a sig-
nal having a wide pulse width, and, in signal processing after
reception, the received signal is demodulated and converted
(compressed) to a signal having a narrow pulse width, and is
a method of equivalently enhancing the reception power.
According to the pulse compression, the target detectable
distance can be increased, and the distance estimation accu-
racy with respect to the detectable distance can be improved.

A complementary code is configured by a plurality of, for
example, two complementary code sequences (a,,, b,,), and

30

40

45

2

has characteristics that, considering results of autocorrelation
calculations of one complementary code sequence a,, and the
other complementary code sequence b,,, in the case where the
results of autocorrelation calculations are added together
while the delay times (shift times) T [sec.]| are made consistent
with each other, the range side lobe is zero. The parameter n
isn=1,2,..., L. The parameter . indicates the code sequence
length, or simply the code length.

A method of producing a complementary code will be
described with reference to FIG. 14. FIG. 14 is a view show-
ing an example of a procedure of producing a code sequence
of'usual complementary codes. As shown in FIG. 14, from the
descriptions of the fourth and fifth rows, a subcode sequence
(c, d) consisting of an element of 1 or an element of -1 and
having a code length of L=27"" is generated, and, from the
descriptions of the sixth and seventh rows, a complementary
code sequence (a, b) having a code length of [.=27 is gener-
ated. Here, one complementary code sequence a is a coupling
of the subcode sequence ¢ and the subcode sequence d, and
the other complementary code sequence b is a coupling of the
subcode sequence ¢ and the subcode sequence —d.

The code sequences a, b indicate complementary code
sequences, respectively, and the code sequences c, d indicate
subcode sequences constituting a complementary code
sequence, respectively. The parameter p defines the code
length L of the generated complementary code sequences (a,
b).

The characteristics of such a complementary code
(complementary code sequence) will be described with ref-
erence to FIG. 15. FIG. 15 shows views illustrating the char-
acteristics of a conventional complementary code. In the fig-
ure, (a) is a view showing results of the autocorrelation
calculation of the one complementary code sequencea,,, (b) is
a view showing results of the autocorrelation calculation of
the other complementary code sequence bn, and (¢) is a view
showing an additional value of the results of the autocorrela-
tion calculations of the two complementary code sequences
(a,,s b,,). The code length L. of the complementary codes used
in FIG. 15is 128.

The result of the autocorrelation calculation of the one
complementary code sequence a,, of the two complementary
code sequences (a,, b,,) is derived in accordance with Exp.
(1). The result of the autocorrelation calculation of the other
complementary code sequence b, is derived in accordance
with Exp. (2). The parameter R represents the result of the
autocorrelation calculation. In the case where n>L or n<1, the
complementary code sequences a,,, b,, are set to zero (i.e.,
when n>L or n<1, a,=0, b,,=0). The asterisk * represents a
complex conjugate operator.

[Exp. 1]

®
Raa(7) =

»

L
“
Onlp i

=1

[Exp. 2]

L 2
Rpp(7) = Z bubjyr

n=1

As shown in FIG. 15(a), in the result R (1) of the autocor-
relation calculation of the one complementary code sequence
a, derived in accordance with Exp. (1), a peak exists when the
delay time T is zero, and a range side lobe exists when the
delay time T is not zero. Similarly, as shown in FIG. 15(5), in
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the result R, ,(t) of the autocorrelation calculation of the other
complementary code sequence b,, derived in accordance with
Exp. (2), a peak exists when the delay time T is zero, and a
range side lobe exists when the delay time T is not zero.

As shown in FIG. 15(b), in the additional value of the
results (R,,(t), R,,(1)) of the autocorrelation calculations, a
peak exists when the delay time (or the shift time) T is zero
(hereinafter, the peak when the delay time 7 is zero is referred
to as the main lobe), and a range side lobe does not exist and
is zero when the delay time T is not zero. This is expressed by
Exp. (3). InFIGS. 15(a) to (¢), the abscissa indicates the delay
time T) in the autocorrelation calculation, and the ordinate
indicates the calculated result of the autocorrelation calcula-
tion.

[Exp. 3
R, (T)+R,,(1)=0, when 1=0

R, o(T)+R(1)=0, when 120 ©)

Consequently, furthermore, a pulse compression radar has
been known which, as shown in FIG. 16, transmits in a time
divisional manner a radio frequency transmission signal that
is generated based on the above-described complementary
code an, and a radio frequency transmission signal that is
generated based on the complementary code bn, while
switching over the signals in each predetermined transmis-
sion period. FIG. 16 is a view illustrating transmission peri-
ods T, in a conventional pulse compression radar, and the
complementary codes a,,, b which are used in transmission in
the transmission periods. When a target moves in the case of
reception in such a conventional pulse compression radar, the
received reception signal is affected by a phase change 6(¢)
shown in Exp. (4) due to a Doppler frequency £, that is
generated in accordance with the movement. The parameter t
represents the time.

[Exp. 4]

0()=2mxfxt 4

In a state where an influence of such a phase change 6(t) is
exerted, there arises a problem in that the range side lobe level
in the autocorrelation characteristics of the reception signal is
not zero, and the low range side lobe characteristics in the
autocorrelation characteristics of the reception signal are not
realized.

This problem will be specifically described with reference
to FIG. 16. In FIG. 16, the transmission interval of transmit-
ting the radio frequency transmission signals which are gen-
erated based on the complementary codes a,, b,,, respectively
is set as the transmission period T,. In this case, after the
transmission of the radio frequency transmission signal
which is generated based on the complementary code an, the
signal of the reflected wave with respect to the radio fre-
quency transmission signal which is generated based on the
complementary code b,, is received during the next transmis-
sion period T,. However, the signal of the reflected wave
undergoes the phase change 6(t) shown in Exp. 4.

Depending on the magnitude of the product of the trans-
mission period T, and the Doppler frequency f, contained in
the reflected wave signal, therefore, the above-described ideal
low range side lobe characteristics are hardly obtained, and
the low range side lobe characteristics are impaired. In FIG.
16, the parameter T, indicates the transmission time per pulse
corresponding to a pulse code having the code length .. The
parameter T indicates the transmission time in a transmission
zone of the radio frequency transmission signal that is gen-
erated based on the complementary code a, or b,, having the
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code length L. Exp. (5) holds among the parameter T,, the
parameter T, and the parameter L.

[Exp. 5]

®

Patent Document 1 is known in connection with the above-
discussed problem, i.e., the problem in that, when the radio
frequency transmission signals that are generated based on
the complementary codes a,, b, respectively are switchingly
transmitted in a time divisional manner, the low range side
lobe characteristics is impaired due to the Doppler frequency
£,

The dispersion/compression type pulse echo system trans-
mitter/receiver shown in Patent Document 1 transmits radio
frequency signals which are modulated by code sequences of
different pulse compression code sequences in accordance
with modes (a B mode and a Doppler mode). Specifically, in
the B mode, the transmitter/receiver transmits a radio fre-
quency signal which is modulated by a compression code
sequence for a short distance range. In the Doppler mode, the
transmitter/receiver transmits a radio frequency transmission
signal which is modulated by a Barker code sequence, an M
sequence, or the like. According to the configuration, trans-
mission pulses are selectively used in accordance with the
measurement target, and a pulse echo caused by a fast moving
target which is at a short distance can be reduced.

T,=T,xK

PRIOR ART REFERENCE
Patent Document
Patent Document 1: JP-A-1-303135

BRIEF SUMMARY
Problems that the Invention is to Solve

In a conventional radar device, because of the above-dis-
cussed problem, however, there is a case where the main lobe
of a signal of a reflected wave from a target which exists at a
position relatively remote from the radar device is buried in
the range side lobe of a signal of a reflected wave from a target
which exists at a relatively close position. In the conventional
radar device, in this case, the accuracy of detection of the
target which exists at the remote position is impaired. There-
fore, the above-discussed problem largely affects the mea-
surement performance of a radar device.

In above-described Patent Document 1, the pulse compres-
sion is performed while alternately switching over the
complementary code sequence used in the B mode, and the M
sequence code, Barker code sequence, or the like used in the
Doppler mode. In Patent Document 1, however, the impair-
ment of the side lobe level which occurs in the transmission
using complementary codes in the case where a target moves
is not considered, and depends on characteristics of the side
lobe level of the M sequence code, the Barker code sequence,
or the like. In the case where the M sequence code or the
Barker code sequence is used, with respect to a Barker code
sequence having a code length L, the peak side lobe is about
20 Log(L). Even in the case of the maximum code length of
13 which is known as a Barker code, therefore, the peak side
lobe is about 22.3 [dB], and hence affects the measurement
performance of a radar device.

In the case where a target which exists at a position rela-
tively close to the radar device, for example, within 5 m
moves, the peak side lobe level with respect to a signal of a
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reflected wave from the target is equivalent to the main lobe
with respect to a signal of a reflected wave from a remote
target which is separated by, for example, 20 m. This shows
that the above-discussed program is not solved also by Patent
Document 1, and remains to largely affect the measurement
performance of the radar device.

The invention has been conducted in view of the above-
discussed conventional circumstances. It is an object of the
invention to provide a radar device in which, even when a
target moves, the low range side lobe characteristics of a
signal of a reflected wave from the target is maintained, and
the range side lobe level is effectively suppressed, thereby
suppressing impairment of the separation performance in
detection of a plurality of targets.

Means for Solving the Problems

The invention is directed to the above-described radar
device including: a code generator which generates a first
code sequence and a second code sequence constituting a pair
of complementary codes, a first modulator which modulates
the first code sequence to generate a first transmission signal,
a second modulator which modulates the second code
sequence to generate a second transmission signal, a quadra-
ture modulator which performs quadrature modulation by
using the first transmission signal and the second transmis-
sion signal that are generated by the first modulator and the
second modulator, respectively, an amplifier which generates
a radio frequency transmission signal from a signal that is
quadrature modulated by the quadrature modulator, and an
antenna which transmits the radio frequency transmission
signal from a transmission antenna.

Effects of the Invention

According to the radar device of the invention, even when
a target moves, the low range side lobe characteristics of a
signal of a reflected wave from the target is maintained, and
the range side lobe level is effectively suppressed, whereby
impairment of the separation performance in detection of a
plurality of targets can be suppressed.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a block diagram showing the internal configura-
tion of a radar device of a first embodiment.

FIG. 2 shows timing charts related to the operation of the
radar device of the first embodiment, (a) is a view illustrating
transmission periods T, and transmission codes used in the
transmission periods T,, (b) is a view illustrating measure-
ment zones, and (c) is a view illustrating relationships
between the transmission periods T, and a discrete time k.

FIG. 3 is a constellation diagram of a radio frequency
transmission signal which is 1Q multiplexed in the radar
device of the first embodiment.

FIG. 4 shows views showing an IQ correlation value AC(k)
on an IQ plane, (a) is a view showing an IQ correlation value
AC(k) before an subtraction process by a subtracter, (b) is a
view showing the IQ correlation value AC(k) which is used in
the subtraction process by the subtracter, and (c) is a view
showing relationships between the discrete time k and the
absolute value IAC(k)! of the IQ correlation value AC(k).

FIG. 5 is a block diagram showing the internal configura-
tion of a radar device of a second embodiment.

FIG. 6 shows timing charts related to the operation of the
radar device of the second embodiment, (a) is a view illus-

10

15

20

25

30

35

40

45

50

55

60

65

6

trating transmission periods T, and transmission codes used
in the transmission periods T,, (b) is a view illustrating mea-
surement zones, and (¢) is a view illustrating relationships
between the transmission periods T, and a discrete time k.

FIG. 7 shows constellation diagrams of radio frequency
transmission signals which are 1Q multiplexed in the radar
device of the second embodiment, (a) is a constellation dia-
gram of transmission signals which are 1Q multiplexed in
M-th and (M+2)-th transmission periods while an comple-
mentary code an is allocated to the I axis, and an complemen-
tary codeb,, is allocated to the Q axis, and (b) is a constellation
diagram of transmission signals which are IQ multiplexed in
(M+1)-th and (M+3)-th transmission periods while the
complementary code b,, is allocated to the I axis, and the
complementary code an is allocated to the Q axis.

FIG. 8 is a view showing in detail transmission codes used
in the transmission periods T, in the radar device ofthe second
embodiment.

FIG. 9 shows block diagrams showing the internal configu-
rations of radar transmitters in Modifications 1 of the embodi-
ments, (a) is a diagram showing the internal configuration of
a radar transmitter in Modification 1 of the first embodiment,
and (b) is a diagram showing the internal configuration of a
radar transmitter in Modification 1 of the second embodi-
ment.

FIG. 10 is a constellation diagram of a radio frequency
transmission signal which is 1Q multiplexed while the
complementary code an is allocated to the I axis and phase-
shifted by —45 degrees, and the complementary code b,, is
allocated to the Q axis and phase-shifted by -45 degrees

FIG. 11 shows block diagrams showing the internal con-
figurations of signal processors of radar receivers in Modifi-
cations 2 of the embodiments, (a) is a diagram showing the
internal configuration of a signal processor of a radar receiver
in Modification 2 ofthe first embodiment, and (b) is a diagram
showing the internal configuration of a signal processor of a
radar receiver in Modification 2 of the second embodiment.

FIG. 12 shows views showing results of simulations related
to the accuracy of detection of a target, (a) is a view in the case
where radio frequency transmission signals which were gen-
erated based on complementary codes a,,, b,, were time-divi-
sionally transmitted by a conventional radar device, and (b) is
aview in the case where radio frequency transmission signals
which were generated by 1Q multiplexing complementary
codes a,, b, were transmitted by the radar device of the first
embodiment.

FIG. 13 is a block diagram showing another internal con-
figuration of a transmission signal generator of the radar
device of the second embodiment.

FIG. 14 is a view showing a procedure of producing a code
sequence of usual complementary codes.

FIG. 15 shows views illustrating the characteristics of a
conventional complementary code, (a) is a view showing
results of an autocorrelation calculation of one complemen-
tary code sequence, (b) is a view showing results of an auto-
correlation calculation of the other complementary code
sequence, and (c) is a view showing an additional value of the
results of the autocorrelation calculations of the two comple-
mentary code sequences.

FIG. 16 is a view illustrating transmission periods in a
conventional pulse compression radar, and complementary
codes which are used in the transmission periods.

DETAILED DESCRIPTION

Hereinafter, embodiments of the invention will be
described with reference to the drawings. In the following
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description, a reception signal which is received by the radar
device of the invention contains a signal of a reflected wave
which is obtained by reflecting a radio frequency transmis-
sion signal transmitted from the radar device, from a target,
and noise signals in the periphery of the radar device.

First Embodiment

The configuration and operation of a radar device 1 of a
first embodiment will be described with reference to FIGS. 1
to 4. FIG. 1 is a block diagram showing the internal configu-
ration of the radar device 1 of the first embodiment. FIG. 2
shows timing charts related to the operation of the radar
device 1 of the first embodiment, (a) of the figure is a view
illustrating transmission periods T, and transmission codes
used in the transmission periods T,, (b) of the figure is a view
illustrating measurement zones, and (c) of the figure is a view
illustrating relationships between the transmission periods T,
and a discrete time k.

FIG. 3 is a constellation diagram of a radio frequency
transmission signal which is 1Q multiplexed in the radar
device 1 of the first embodiment. FIG. 4 shows views showing
an IQ correlation value AC(k) on an IQ plane, (a) of the figure
is a view showing an IQ correlation value AC(k) before an
subtraction process by a subtracter 31, (b) of the figure is a
view showing the IQ correlation value AC(k) which is used in
the subtraction process by the subtracter 31, and (c) of the
figure is a view showing relationships between the discrete
time k and the absolute value AC(k) of the IQ correlation
value AC(k).

As shown in FIG. 1, the radar device 1 includes a reference
oscillator L, a radar transmitter 2 to which a transmission
antenna ANT, is connected, and a radar receiver 3 to which a
reception antenna ANT), is connected. The radar device 1
transmits a predetermined intermittent radio frequency trans-
mission signal which is generated by the radar transmitter 2,
from the transmission antenna ANT,, and receives the signal
of the reflected wave which is reflected from the target,
through the radar receiver 3. The radar device 1 performs
signal processing on the reception signal which is received
through the radar receiver 3, to detect the presence or absence
of a target. The target is an object which is to be detected by
the radar device 1, and for example an automobile or a person.
This is applicable similarly in the following embodiments.

The radar transmitter 2 will be described. The radar trans-
mitter 2 includes a transmission signal generator 4, and an RF
(Radio Frequency) transmitter 11. The transmission signal
generator 4 includes a first code generator 5, a second code
generator 6, a first modulator 7, a second modulator 8, an LPF
(Low Pass Filter) 9, and an LPF 10. In FIG. 1, the transmis-
sion signal generator 4 is configured so as to include the LPF
9 and the LPF 10. Alternatively, the LPF 9 and the LPF 10
may be configured in the radar transmitter 2 independently
from the transmission signal generator 4. The RF transmitter
11 includes a local oscillator L.;, a mixer 12, a first phase
shifter 13, a mixer 14, an adder 15, and an amplifier 16.

Based on a reference signal generated by the reference
oscillator L, the transmission signal generator 4 generates a
signal which is obtained by multiplying the reference signal a
predetermined number of times. The sections of the transmis-
sion signal generator 4 operate based on the generated signal.
The transmission signal generator 4 modulates pulse com-
pression codes of complementary code sequences a_, b, each
having a code length of L to periodically generate a base-band
transmission signal. Here, n=1, . . ., L, and the parameter L.
indicates the code length of the complementary code
sequences a,,, b,,.
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It is assumed that the transmission signal generated by the
transmission signal generator 4 is not a continuous signal. As
shown in FIG. 2(a), in transmission zones T,, [s] of M-th to
(M+3)-th transmission periods T,, for example, an N, [num-
ber| of samples exist per pulse code with respect of the
complementary code sequences a,,, b, having a code length of
L. The parameter M is a natural number. Therefore, an N,
(=NyxL) number of samples are contained in the transmission
zone T,,. It is assumed that, in the non-transmission zone
(T,-T,) [s] of the M-th to (M+3)-th transmission periods T,,
an N, [number] of samples exist as the base-band transmis-
sion signal.

First, the configurations of the sections of the transmission
signal generator 4a will be described.

The first code generator 5 generates a transmission code for
pulse compression of the complementary code sequence a,,
which is a pair of complementary code sequences having the
code length of L. The first code generator 5 outputs the gen-
erated transmission code of the complementary code
sequence a, to the first modulator 7. Hereinafter, the trans-
mission code of the complementary code sequence a, is
referred to as the transmission code an for the sake of conve-
nience.

The second code generator 6 generates a transmission code
for pulse compression of the complementary code sequence
b,, which is a pair of complementary code sequences having
the code length of L. The second code generator 6 outputs the
generated transmission code of the complementary code
sequence b, to the second modulator 8. Hereinafter, the trans-
mission code of the complementary code sequence b,, is
referred to as the transmission code b,, for the sake of conve-
nience.

The first modulator 7 receives the transmission code an
output from the first code generator 5. The first modulator 7
performs pulse modulation (amplitude modulation, ASK
(Amplitude Shift Keying)) or phase modulation (PSK (Phase
Shift Keying)) on the input transmission code an to generate
a base-band transmission signal I(k). The first modulator 7
outputs a transmission signal I(k) which is equal to or lower
than a preset limit band in the generated transmission signal
1(k), to the RF transmitter 11 through the LPF 9.

The second modulator 8 receives the transmission code b,
output from the second code generator 6. The second modu-
lator 8 performs pulse modulation (amplitude modulation,
ASK) or phase modulation (PSK) on the input transmission
codeb,, to generate a base-band transmission signal Q(k). The
second modulator 8 outputs a transmission signal Q(k) which
is equal to or lower than a preset limit band in the generated
transmission signal Q(k), to the RF transmitter 11 through the
LPF 10.

Based on the reference signal generated by the reference
oscillator L, the RF transmitter 11 generates a signal which
is obtained by multiplying the reference signal a predeter-
mined number of times. The RF transmitter 11 operates based
on the generated signal.

The RF transmitter 11 allocates the transmission signal I(k)
output from the first modulator 7 to the I axis of the IQ plane
shown in FIG. 3. Furthermore, the RF transmitter 11 allocates
the transmission signal Q(k) output from the second modu-
lator 8 to the Q axis of the IQ plane shown in FIG. 3. The RF
transmitter 11 additionally multiplexes the transmission sig-
nal I(k) allocated to the I axis and the transmission signal Q(k)
allocated to the Q axis. In the following description, the
process of allocating the transmission signal I(k) output from
the first modulator 7 to the I axis, and the transmission signal
Q(k) output from the second modulator 8 to the Q axis, and
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additionally multiplexing the transmission signals I(k) and
Q(k) to generate a radio frequency transmission signal is
referred to as “IQ multiplex”.

The contents of the process of the 1Q multiplex will be
specifically described. In the RF transmitter 11, the 1Q mul-
tiplex is performed by the mixer 12, the first phase shifter 13,
the mixer 14, and the adder 15. In the following embodiments,
the mixer 12, the first phase shifter 13, the mixer 14, and the
adder 15 may be referred to as the quadrature modulator 50
which performs the 1Q multiplex.

In the mixer 12, the transmission signal I(k) output from
the first modulator 7 is multiplied with a signal A cos(2xf t)
supplied from the local oscillator L., operating at a carrier
frequency of {, The parameter A indicates a predetermined
amplitude value. The parameter t indicate the continuous time
(analog time), and is related with the above-described dis-
crete time k by t=kxTs where Ts (=T, /N,) indicates the
sampling period.

In the mixer 14, the transmission signal Q(k) output from
the second modulator 8 is multiplied with a signal A sin(2xf 1)
which is obtained by phase-shifting the signal A cos(2mf 1)
supplied from the local oscillator L, of the carrier frequency
of . by 90 degrees by the first phase shifter 13. The signals
which are results of the multiplications in the mixers 12, 14
are added to each other in the adder 15. As a result, a quadra-
ture modulated radio frequency transmission signal s(t)
shown in Exp. (6) is generated by 1Q multiplex of the comple-
mentary codes a,, b,,.

[Exp. 6]

s(t)=AI(D)cos2nf 1)+ ()sin(2nf.1)] (6)

The constellation diagram shown in FIG. 3 is a constella-
tion diagram of a radio frequency transmission signal which
is IQ multiplexed while the transmission code an is allocated
to the [ axis, and the transmission code b,, is allocated to the Q
axis. Therefore, the radio frequency transmission signal s(t)
shown in Exp. (6) is a signal which is generated by 1Q mul-
tiplexing the transmission code an and the transmission code
b, so that one of signal points (A, A), (A, —-A), (-A, A), and
(-A, —A) shown in FIG. 3 is selected.

The amplifier 16 receives the radio frequency transmission
signal s(t) which is generated in accordance with Exp. (6),
amplifies the level of the input radio frequency transmission
signal s(t) to a predetermined level, and supplies the amplified
signal to the transmission antenna ANT,. The amplified radio
frequency transmission signal s(t) is transmitted so as to be
radiated into the space through the transmission antenna
ANT,,.

The transmission antenna ANT, transmits the radio fre-
quency transmission signal s(t) which is output from the RF
transmitter 11, so as to radiate the signal into the space. As
shown in FIG. 2(a), the radio frequency transmission signal
s(t) is transmitted during the transmission zone T, in the
transmission period T,, but not transmitted during the non-
transmission zone (T,-T ).

Next, the configurations of the sections of the radar
receiver 3 will be described.

The radar receiver 3 includes a reception antenna ANT |, an
RF receiver 17, and a signal processor 21. The RF receiver 17
includes an amplifier 18, a frequency converter 19, and a
quadrature detector 20. The signal processor 21 includes A/D
converters 22, 23, first and second reference signal generators
24, 25, first and second correlation value calculators 26, 27,
an adder 28, a reception signal extractor 29, an IQ multiplex
interference component extractor 30, a subtracter 31, an aver-
aging processor 32, and an incoming distance estimator 33.
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The radar receiver 3 periodically calculates the transmission
periods T, as signal processing zones in the signal processor
21.

The reception antenna ANT, receives a signal of a reflected
wave which is generated by reflecting the radio frequency
transmission signal s(t) transmitted from the radar transmitter
2, from a target, and noise signals in the periphery of the radar
device 1, as the reception signal. The signal of the reflected
wave signal is a signal in the radio frequency band. The
reception signal which is received by the reception antenna
ANT, is supplied to the RF receiver 17. In the radar device 1,
the radar receiver 3 holds the one reception antenna ANT,.

As shown in FIG. 2(b), the reception antenna ANT),
receives the above-described reception signal in zones corre-
sponding to the transmission periods T,. Therefore, the zones
T, where the reception signal is received are set as measure-
ment zones in the radar device 1.

Similarly with the RF transmitter 11, based on the refer-
ence signal generated by the reference oscillator L, the RF
receiver 17 generates a signal which is obtained by multiply-
ing the reference signal the predetermined number of times.
The RF receiver 17 operates based on the generated signal.
Therefore, the local oscillator L, of the RF transmitter 11 can
be synchronized with a local oscillator (not shown) of the RF
receiver 17.

The amplifier 18 receives the radio frequency band signal
which is received by the reception antenna ANT,, amplifies
the level of the input radio frequency band signal, and sup-
plies the amplified signal to the frequency converter 19.

The frequency converter 19 receives the radio frequency
band signal which is output from the amplifier 18, down-
converts the input radio frequency band signal to the base
band, and supplies the down-converted reception signal to the
quadrature detector 20.

The quadrature detector 20 performs quadrature detection
on the base-band reception signal supplied from the fre-
quency converter 19 to generate a base-band reception signal
configured by an in-phase signal and a Quadrate signal. The
quadrature detector 20 outputs the in-phase signal component
in the generated reception signal to the A/D converter 22, and
the quadrate signal component in the generated reception
signal to the A/D converter 23.

The A/D converter 22 performs sampling at the discrete
time k on the base-band in-phase signal supplied from the
quadrature detector 20, and converts the in-phase signal
which constitutes analog data, to digital data. The A/D con-
verter 22 outputs the in-phase signal which is converted to
digital data, to the first correlation value calculator 26.

Similarly, the A/D converter 23 performs sampling at the
discrete time k on the base-band quadrate signal supplied
from the quadrature detector 20, and converts the quadrate
signal which constitutes analog data, to digital data. The A/D
converter 23 outputs the quadrate signal which is converted to
digital data, to the second correlation value calculator 27.
Here, the parameter k indicates the discrete time correspond-
ing to the sample number of the base-band transmission sig-
nals I(k), Q(k) from which the radio frequency transmission
signal that is transmitted in the reception periods T, shown in
FIG. 2(a) originates.

Moreover, the reception signal which is converted by the
A/D converters 22, 23, and which is at the discrete time k is
indicated as a complex signal of Exp. (7) by using the in-
phase signal I(k) of the reception signal and the quadrate
signal Q(k) of the reception signal. Here, j is an imaginary
unit satisfying j>=-1. In the following description, the dis-
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crete time k is k=1 to (N,+N,,). The range of the discrete time
k is similarly applicable also in the following embodiments.

[Exp. 7]

x(R)=I(k)+7 Q(k) M

As shown in FIG. 2(¢), the discrete time of k=1 shows the
starting timing of the transmission zone T,, in the transmis-
sion period T, of the radio frequency transmission signal s(t)
which is generated by 1Q multiplex of the transmission code
an and the transmission code bn. The discrete time of k=N,
shows the ending timing of the transmission zone T,, in the
transmission period T, of the radio frequency transmission
signal s(t) which is generated by 1Q multiplex of the trans-
mission code an and the transmission code bn. Moreover, The
discrete time of k=(N,+N,,) shows the timing immediately
before the ending of the transmission period T, of the radio
frequency transmission signal s(t) which is generated by 1Q
multiplex of the transmission code an and the transmission
code b,. In FIG. 2(c¢), in order to conveniently illustrate the
range of the discrete time k, the range of the discrete time k is
shown only in the M-th transmission period.

In synchronization with the operation of the transmission
signal generator 4, based on the reference signal generated by
the reference oscillator L, in a similar manner as in the trans-
mission signal generator 4, the first reference signal generator
24 generates a signal which is obtained by multiplying the
reference signal a predetermined number of times. Based on
the generated signal, the first reference signal generator 24
generates a first reference transmission signal I(k) of the same
base band as the transmission signal (k) generated by the first
modulator 7. The first reference signal generator 24 outputs
the generated first reference transmission signal 1(k) to the
first correlation value calculator 26. In FIG. 1, the input of the
reference signal to the first reference signal generator 24 is not
shown.

In synchronization with the operation of the transmission
signal generator 4, based on the reference signal generated by
the reference oscillator L, in a similar manner as in the trans-
mission signal generator 4, the second reference signal gen-
erator 25 generates a signal which is obtained by multiplying
the reference signal the predetermined number of times.
Based on the generated signal, the second reference signal
generator 25 periodically generates a second reference trans-
mission signal jQ(k) which is obtained by applying Q-axis
phase rotation in the IQ multiplex to the transmission signal
Q(k) of the same base band as the transmission signal Q(k)
generated by the second modulator 8. The second reference
signal generator 25 outputs the generated second reference
transmission signal jQ(k) to the second correlation value
calculator 27. In FIG. 1, the input of the reference signal to the
second reference signal generator 25 is not shown.

The first correlation value calculator 26 receives the com-
plex signal x(k) of the digital data output from the A/D con-
verter 22, and the first reference transmission signal I(k)
output from the first reference signal generator 24. The first
correlation value calculator 26 calculates a first correlation
value AC, (k) of the input complex signal x(k) and the first
reference transmission signal I(k). The symbol of * (asterisk)
represents a complex conjugate operator.

Specifically, in the case of the discrete time k=1 to (N, +
N, ), the first correlation value calculator 26 calculates the first
correlation value AC, (k) in accordance with Exp. (8). The
first correlation value calculator 26 outputs the first correla-
tion value AC, (k) which is calculated in accordance with Exp.
(8), to the adder 28.
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[Exp. 8]

Ny
ACL (k) = Zx(k Fm—DI"m)

m=1

®

The second correlation value calculator 27 receives the
complex signal x(k) of the digital data output from the A/D
converter 23, and the second reference transmission signal
jQ(k) output from the second reference signal generator 25.
The second correlation value calculator 27 calculates a sec-
ond correlation value AC, (k) of the input complex signal x(k)
and the second reference transmission signal jQ(k). The sym-
bol of * (asterisk) represents a complex conjugate operator.

Specifically, in the case of the discrete time k=1 to (N, +
N,,), the second correlation value calculator 27 calculates the
second correlation value AC, (k) in accordance with Exp. (9).
The second correlation value calculator 27 outputs the second
correlation value AC,(k) which is calculated in accordance
with Exp. (9), to the adder 28.

[Exp. 9]

Ny

AC () = Y xlh +m - DO

m=1

®

As described above, each of the calculations of the first
correlation value calculator 26 and the second correlation
value calculator 27 is performed on the discrete time k=1 to
(N,+N,). Depending on the existing range of the target which
is the measurement object of the radar device, the measure-
ment range (the range of k) may be further limited.

As a result, the radar device 1 can reduce the calculation
amounts of the first correlation value calculator 26 and the
second correlation value calculator 27. Namely, the radar
device 1 can reduce the power consumption due to the reduc-
tion of the calculation amounts by the signal processor 21.

The adder 28 receives the first correlation value AC, (k)
output from the first correlation value calculator 26, and the
second correlation value AC,(k) output from the second cor-
relation value calculator 27. The adder 28 adds together the
input first correlation value AC,(k) and second correlation
value AC,(k) in a state where the discrete times k are coinci-
dent with each other, as shown in Exp. (10) to calculate a third
correlation value AC(k). In the following description, the
third correlation value calculated by the adder 28 is referred to
as “IQ correlation value”. The adder 28 outputs the calculated
1Q correlation value AC(k) to the reception signal extractor 29
and the subtracter 31.

[Exp. 10]

AC(R)=AC | (F)+AC (k) (10)

As the first correlation value calculator 26 and the second
correlation value calculator 27, for example, the complemen-
tary code fast correlator disclosed in following Reference
Non-patent Document 1 may be referenced and applied. This
is applicable similarly in the following embodiments.

(Reference Non-patent Document 1) S. Z. Budisin, “Effi-

cient Pulse Compressor for Golay complementary
Sequences”, Electronics Letters 31st, Vol. 27, No. 3, (January
1991)

The reception signal extractor 29 receives the IQ correla-
tion value AC(k) output from the adder 28. The reception
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signal extractor 29 extracts an 1Q correlation value AC(k,,,)
which exceeds a preset predetermined threshold B, from the
input IQ correlation value AC(k).

Namely, the reception signal extractor 29 extracts discrete
times k,, satisfying Exp. (11), and outputs 1Q correlation
values AC(k,,,),AC(k,,), . .., AC(k,,,) in which IQ correlation
values AC(k,, ) corresponding to the extracted discrete times
k,, are arranged in descending order, to the 1Q multiplex
interference component extractor 30. The parameters pl,
P2, ..., pv are natural numbers in the sample numbers 1 to
(N,#N,), and the ordinal numbers of the discrete times k
corresponding to IQ correlation values AC(k,,,) satisfying
Exp. (11). It is assumed that the parameter q is one of q=1,
2, ..., V. The parameter v is a natural number, and indicates
the number of discrete times k,,, satisfying Exp. (11).

[Exp. 11]

an

Here, a predetermined threshold B is a level in which a
predetermined margin (about 3 [dB] to 10 [dB]) is added to
the noise level. In regard to the predetermined threshold B,
this is applicable similarly in the following embodiments.

The 1Q multiplex interference component extractor 30
receives the 1Q correlation values AC(k,,) output from the
reception signal extractor 29. The 1Q multiplex interference
component extractor 30 calculates phase components 6(k,,,)
(=£[AC(k,,)]) of the input IQ correlation values AC(k,,).

Based on the phase components 6(k,, ) of the calculated 1Q
correlation values AC(k,, ), moreover, the IQ multiplex inter-
ference component extractor 30 calculates an IQ multiplex
interference component in accordance with Exp. (12). In the
expression, Im{x} is an operator for extracting the imaginary
component of a complex number x. The IQ multiplex inter-
ference component extractor 30 outputs the calculated 1Q
multiplex interference component to the subtracter 31.

AC(k,)=B]

[Exp. 12]

Im{AC(k, )exp(~j0(k,, )}

The subtracter 31 receives the 1Q multiplex interference
component output from the IQ multiplex interference com-
ponent extractor 30. As indicated in Exp. (13), the subtracter
31 removes (subtracts) the IQ multiplex interference compo-
nent which is calculated based on Exp. (12), from the 1Q
correlation value AC(k,,,) which is extracted by the reception
signal extractor 29, to derive a fourth correlation value AC'
(k,,) from which the IQ multiplex interference component is
removed. Here, k=k, -NL+1,k, ..., k, +N;L-1. How-
ever, the case where k<1 or k>(N,+N, ) is not included in the
range where the subtracting process is to be performed.

12

[Exp. 13]

AC(k)y=ACH)~7Im(AC(R)exp (=78 (kyq) ) )exp(/0(Kyy) 13)

The principle of the process of removing the 1Q multiplex
interference component in the subtracter 31 will be described
with reference to FIG. 4. FIGS. 4(a) and 4(b) are views in
which the IQ correlation value AC(k) is plotted on the com-
plex plane consisting of the I axis and the Q axis. FIG. 4(c) is
a view where, in the case where the abscissa indicates the
discrete time k, the absolute value |AC(k)! of the IQ correla-
tion value is plotted on the ordinate. As described above, in a
certain transmission period T,, the radar transmitter 2 trans-
mits the radio frequency transmission signal s(t) which is
generated by 1Q multiplexing the transmission code an and
transmission code b, that are complementary codes. Here, the
transmission code an and the transmission code b,, are not
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codes having orthogonality to each other, but are code having
correlativity. In the case where the radio frequency transmis-
sion signal s(t) which is generated by IQ multiplexing the thus
configured transmission codes a,, b,, is transmitted, an 1Q
multiplex interference component is generated in the signal
of the reflected wave which is generated by reflecting the
radio frequency transmission signal s(t) from a target.

In the case where a pair of complementary codes are 1Q
matrixed as in the first embodiment, as shown in FIG. 4(a), an
1Q multiplex interference component appears as a peak range
side lobe in a direction perpendicular to the peak direction
b(k,,) of the IQ correlation value AC(k,,) satisfying Exp.
(11) above in the IQ correlation value AC(k) which is
obtained by the adder 28 of the radar receiver 3. As shown in
FIG. 4(c), the IQ multiplex interference component corre-
sponds to the range side lobe component indicated in the
portion enclosed by the broken line.

When the 1Q multiplex interference component extractor
30 calculates the component (see Exp. (12)) perpendicular to
the peak direction 8(k,,,) of the IQ correlation value AC(k,,,),
therefore, the range side lobe component which is indicated in
the portion enclosed by the broken line in FIG. 4(5), and
which s in the 1Q correlation value AC(k,, ) can be extracted.

As indicated in Exp. (12), the phase rotation 6(k,,) is
applied in order to extract the IQ multiplex interference com-
ponent. In the second expression of the right-hand side of
Exp. (13), therefore, a coefficient exp(j6(k,,,)) is multiplied in
order to obtain the original phase component.

As described above, Im{x} of the second expression of the
right-hand side of Exp. (13) is an operator for extracting the
imaginary component of the complex number x. In order to
return to the original imaginary component, the subtracter 31
multiples the complex coefficient j indicating application of
the phase rotation of 90 degrees in the second expression of
the right-hand side of Exp. (13).

From these, the subtracter 31 can remove the range side
lobe component from the IQ correlation values AC(k)
extracted by the reception signal extractor 29, in accordance
with Exp. (13).

The averaging processor 32 receives the fourth correlation
value AC(k) which is derived by the subtracter 31. The aver-
aging processor 32 averages the fourth correlation values
AC'(k) which are input in a predetermined plurality of trans-
mission periods T,. The averaging processor 32 outputs the
average value of the averaged fourth correlation value AC'(k)
to the incoming distance estimator 33. As a result, the radar
device 1 can suppress noise components in the periphery of
the radar device 1, and improve the measurement perfor-
mance related to estimation of the incoming angle and dis-
tance of the target.

The incoming distance estimator 33 receives the average
value which is output from the averaging processor 32. The
incoming distance estimator 33 performs a calculation of
estimating the distance to the target, based on the input aver-
age value. The calculation of estimating the distance to the
target in the incoming distance estimator 33 is a known tech-
nique, and can be realized by referring to, for example, fol-
lowing Reference Non-patent Document 2.

(Reference Non-patent Document 2) J. J. BUSSGANG, et
al., “A Unified Analysis of Range Performance of CW, Pulse,
and Pulse Doppler Rader”, Proceedings of the IRE, Vol. 47,
Issue 10, pp. 1753-1762 (1959)

Based on the fourth correlation value of the average value
which is calculated by the averaging processor 32, for
example, the incoming distance estimator 33 determines the
time difference between the discrete time when the fourth
correlation value has the maximum value, and the transmis-
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sion time of the radio frequency transmission signal. Based
on the determined time difference, moreover, the incoming
distance estimator 33 estimates the distance to the target.

As described above, according to the radar device 1 of the
first embodiment, even when a target moves, the low range
side lobe characteristics of a signal of a reflected wave from
the target is maintained, and the range side lobe level is
effectively suppressed, thereby suppressing impairment of
the separation performance in detection of a plurality of tar-
gets.

In Patent Document 1 above, in order to obtain a result of
one pulse compression, the three kinds of code sequences,
i.e., two kinds of codes constituting a pair of complementary
code sequences, and one kind of code sequence such as a
Barker code or an M code sequence are used, and therefore a
time period corresponding to the three transmission periods
must be required. By contrast, in the radar device 1 of the first
embodiment, the transmission code an and the transmission
code b,, are IQ multiplexed in transmission, and therefore, in
order to obtain a result of one measurement, a time period
corresponding to one transmission period in total is required.
According to the radar device 1, therefore, the number of
measurements within a predetermined time period can be
increased, and namely the measurement performance can be
improved.

Second Embodiment

Next, the configuration and operation of a radar device 1a
of a second embodiment will be described with reference to
FIGS.51t0 8.

FIG. 5 is a block diagram showing the internal configura-
tion of the radar device 1a of the second embodiment.

FIG. 6 shows timing charts related to the operation of the
radar device 1a of the second embodiment, (a) of the figure is
a view illustrating transmission periods T, and transmission
codes used in the transmission periods T,, (b) of the figure is
aview illustrating measurement zones, and (c) of the figure is
a view illustrating relationships between the transmission
periods T, and a discrete time k.

FIG. 7 shows constellation diagrams of transmission sig-
nals in the radar device 1a of the second embodiment, (a) of
the figure is a constellation diagram of transmission signals
which are IQ multiplexed while an complementary code an is
allocated to the I axis, and an complementary code b,, is
allocated to the Q axis, and (b) of the figure is a constellation
diagram of transmission signals which are IQ multiplexed in
(M+1)-th and (M+3)-th transmission periods while the
complementary code b,, is allocated to the I axis, and the
complementary code an is allocated to the Q axis.

FIG. 8 is a view showing in detail transmission codes used
in the transmission periods T, in the radar device 1a of the
second embodiment.

In the following description of the second embodiment, the
configurations and operations which are different from those
of'the first embodiment will be described, and the description
of'the configurations and operations which are same as those
of the first embodiment will be omitted. In the second
embodiment, the radar device 1a alternately switches over the
transmission code to be allocated to the I axis in the transmis-
sion code to be IQ multiplexed, between the transmission
code an and the transmission code b,, in each transmission
period T,, and the transmission code to be allocated to the Q
axis between the transmission code b,, and the transmission
code an. In the second embodiment, moreover, the Doppler
frequency f, which is generated in accordance with the move-
ment of the target is calculated, and an IQ multiplex interfer-
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ence component is removed in regard to an 1Q correlation
value which exceeds the calculated Doppler frequency £,

As shown in FIG. 5, the radar device 1a includes the ref-
erence oscillator L, a radar transmitter 2a to which the trans-
mission antenna AN, is connected, and a radar receiver 3a to
which the reception antenna ANT), is connected. The radar
device 1a transmits a predetermined intermittent radio fre-
quency transmission signal which is generated by the radar
transmitter 2a, from the transmission antenna ANT,, and
receives the signal of the reflected wave which is reflected
from the target, through the radar receiver 3a. The radar
device 1 performs signal processing on the reception signal
which is received through the radar receiver 3a, to detect the
presence or absence of a target.

The radar transmitter 2a will be described. The radar trans-
mitter 2a includes a transmission signal generator 4a, and the
RF transmitter 11. The transmission signal generator 4a
includes a first code generator 5a, a second code generator 6a,
a first switch SW1, a second switch SW2, a transmission code
controller CT1, a first modulator 7a, a second modulator 8a,
the LPF 9, and the LPF 10. In FIG. 5, the transmission signal
generator 4a is configured so as to include the LPF 9 and the
LPF 10. Alternatively, the LPF 9 and the LPF 10 may be
configured in the radar transmitter 2a independently from the
transmission signal generator 4a. The configuration and
operation of the RF transmitter 11 are similar to those of the
first embodiment, and therefore the description of the con-
figuration and the operation will be omitted.

Based on the reference signal generated by the reference
oscillator L, the transmission signal generator 4a generates a
signal which is obtained by multiplying the reference signal a
predetermined number of times. The sections of the transmis-
sion signal generator 4a operate based on the generated sig-
nal. The transmission signal generator 4a¢ modulates pulse
compression codes of complementary code sequences a,,, b,
each having a code length of L to periodically generate a
base-band transmission signal. Here, n=1, . . . , L, and the
parameter L. indicates the code length of the complementary
code sequences a,, b,,.

It is assumed that the transmission signal generated by the
transmission signal generator 4a is not a continuous signal.
As shown in FIG. 6(a), in transmission zones T, of M-th to
(M+3)-th transmission periods T,, for example, an N, number
of samples exist per pulse code with respect of the comple-
mentary code sequences a,, b,, having a code length of L.
Therefore, an N, (=N xL) number of samples are contained in
the transmission zone T,. It is assumed that, in the non-
transmission zone (T,-T,,) of the M-th to (M+3)-th transmis-
sion periods T,, an N, number of samples exist as the base-
band transmission signal.

Hereinafter, the configurations of the sections of the trans-
mission signal generator 4a will be described.

The first code generator 5a generates a transmission code
for pulse compression of the complementary code sequence
a,, which is a pair of complementary code sequences having
the code length of L. The first code generator Sa outputs the
generated transmission code an to the first switch SW1 and
the second switch SW2.

The second code generator 6a generates a transmission
code for pulse compression of the complementary code
sequence b, which is a pair of complementary code sequences
having the code length of L. The second code generator 6a
outputs the generated transmission code b,, to the first switch
SW1 and the second switch SW2.

The first switch SW1 receives the transmission code an and
transmission code b,, which are output from the first code
generator 5a and the second code generator 6a, respectively.
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Based on a code switch controlling signal output from the
transmission code controller CT1, the first switch SW1 selec-
tively switches over one of the input transmission code an and
transmission code bn, and outputs the switched transmission
code to the first modulator 7a.

The second switch SW2 receives the transmission code an
and transmission code b, which are output from the first code
generator 5a and the second code generator 6a, respectively.
Based on the code switch controlling signal output from the
transmission code controller CT1, the second switch SW2
selectively switches over one of the input transmission code
an and the transmission code bn, and outputs the switched
transmission code to the second modulator 8a.

The transmission code controller CT1 controls the first
switch SW1 and the second switch SW2 so that the transmis-
sion code an and transmission code b, which are input respec-
tively to the first switch SW1 and the second switch SW2 are
selectively switched over in each transmission period T,.
Namely, the transmission code controller CT1 outputs the
code switch controlling signal instructing that the transmis-
sion codes are selectively switched over, to the first switch
SW1 and the second switch SW2 in each transmission period
T,.

The operation of the transmission code controller CT1 will
be specifically described with reference to FIG. 6(a).

In the M-th transmission period T,, the transmission code
controller CT1 controls the first switch SW1 so as to output
the transmission code an to the first modulator 7a. In the M-th
transmission period T,, namely, the transmission code con-
troller CT1 outputs the code switch controlling signal
instructing that the transmission code is switched to the trans-
mission code an, to the first switch SW1.

In the M-th transmission period T,, moreover, the trans-
mission code controller CT1 controls the second switch SW2
so as to output the transmission code b, to the second modu-
lator 8a. In the M-th transmission period T,, namely, the
transmission code controller CT1 outputs the code switch
controlling signal instructing that the transmission code is
switched to the transmission code bn, to the second switch
SW2.

In the (M+1)-th transmission period T,, the transmission
code controller CT1 controls the first switch SW1 so as to
output the transmission code b, to the first modulator 7a. In
the (M+1)-th transmission period T,, namely, the transmis-
sion code controller CT1 outputs the code switch controlling
signal instructing that the transmission code is switched to the
transmission code bn, to the first switch SW1.

In the (M+1)-th transmission period T,, moreover, the
transmission code controller CT1 controls the second switch
SW2 so as to output the transmission code an to the second
modulator 8a. In the (M+1)-th transmission period T,,
namely, the transmission code controller CT1 outputs the
code switch controlling signal instructing that the transmis-
sion code is switched to the transmission code an, to the
second switch SW2.

In the (M+2)-th transmission period T,, the transmission
code controller CT1 controls the first switch SW1 so as to
output the transmission code an to the first modulator 7a. In
the (M+2)-th transmission period T,, namely, the transmis-
sion code controller CT1 outputs the code switch controlling
signal instructing that the transmission code is switched to the
transmission code an, to the first switch SW1.

In the (M+2)-th transmission period T,, moreover, the
transmission code controller CT1 controls the second switch
SW2 so as to output the transmission code b,, to the second
modulator 8a. In the (M+2)-th transmission period T,,
namely, the transmission code controller CT1 outputs the
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code switch controlling signal instructing that the transmis-
sion code is switched to the transmission code bn, to the
second switch SW2.

In the (M+3)-th transmission period T,, the transmission
code controller CT1 controls the first switch SW1 so as to
output the transmission code b,, to the first modulator 7a. In
the (M+3)-th transmission period T,, namely, the transmis-
sion code controller CT1 outputs the code switch controlling
signal instructing that the transmission code is switched to the
transmission code bn, to the first switch SW1.

In the (M+3)-th transmission period T,, moreover, the
transmission code controller CT1 controls the second switch
SW2 so as to output the transmission code an to the second
modulator 8a4. In the (M+3)-th transmission period T,,
namely, the transmission code controller CT1 outputs the
code switch controlling signal instructing that the transmis-
sion code is switched to the transmission code an, to the
second switch SW2.

In the (M+4)-th and subsequent transmission periods, the
M-th and (M+1)-th or two in total transmission periods shown
in FIG. 6(a) are set as a unit, transmission codes correspond-
ing to the transmission periods in each unit are similarly
generated, and repeatedly output to the first modulator 7a and
the second modulator 8a.

The first modulator 7a receives the transmission code an or
transmission code b output from the first switch SW1. The
first modulator 7a performs pulse modulation (amplitude
modulation, ASK) or phase modulation (PSK) on the input
transmission code an or transmission code b, to generate a
base-band transmission signal 1(k). The first modulator 7a
outputs a transmission signal I(k) which is equal to or lower
than a preset limit band in the generated transmission signal
1(k), to the RF transmitter 11 through the LPF 9.

The second modulator 8a receives the transmission code b,,
or transmission code an output from the second switch SW2.
The second modulator 8a performs pulse modulation (ampli-
tude modulation, ASK) or phase modulation (PSK) on the
input transmission code b,, or transmission code an to gener-
ate a base-band transmission signal Q(k). The second modu-
lator 8a outputs a transmission signal Q(k) which is equal to
orlower than a preset limit band in the generated transmission
signal Q(k), to the RF transmitter 11 through the LPF 10.

The operations of the RF transmitter 11 and the transmis-
sion antenna ANT, are substantially similar to those in the
first embodiment, and therefore the description of the opera-
tion s will be omitted. In the second embodiment, in the
constellation diagram of the radio frequency transmission
signal which is 1Q multiplexed by the RF transmitter 11,
however, the transmission codes which are supplied to the
first modulator 7a and the second modulator 8a by the trans-
mission code controller CT1 are different from each other. As
shown in FIGS. 7(a) and 7(b), therefore, the constellation
diagram of the radio frequency transmission signal which is
1Q multiplexed by the RF transmitter 11 is different for each
transmission period T,.

Specifically, the constellation diagram shown in FIG. 7(a)
is a constellation diagram of a radio frequency transmission
signal which is 1Q multiplexed in the M-th and (M+2)-th
transmission periods T, while the transmission code an is
allocated to the I axis, and the transmission code b,, is allo-
cated to the Q axis. Therefore, the radio frequency transmis-
sion signal s(t) shown in Exp. (6) above is a signal which is
generated by 1Q multiplexing the transmission codes a,, b, so
that one of signal points (A, A), (A, —A), (-A, A), and (-A,
—-A) shown in FIG. 7(a) is selected.

Furthermore, the constellation diagram shown in FIG. 7(b)
is a constellation diagram of a radio frequency transmission



US 9,213,091 B2

19

signal which is IQ multiplexed in the (M+1)-th and (M+3)-th
transmission periods T, while the transmission code b,, is
allocated to the I axis, and the transmission code an is allo-
cated to the Q axis. Therefore, the radio frequency transmis-
sion signal s(t) shown in Exp. (6) above is a signal which is
generated by 1Q multiplexing the transmission codes a,,, b,, so
that one of signal points (A, A), (A, —A), (-A, A), and (-A,
-A) shown in FIG. 7(b) is selected.

Next, the radar receiver 3a will be described.

The radar receiver 3a includes the reception antenna
ANT,, the RF receiver 17, and a signal processor 21a. The RF
receiver 17 includes the amplifier 18, the frequency converter
19, and the quadrature detector 20. The signal processor 21a
includes the A/D converters 22, 23, first and second reference
signal generators 24a, 25aq, first and second correlation value
calculators 26a, 27a, an adder 28a, a reception signal selector
294, the 1Q multiplex interference component extractor 30,
the subtracter 31, the averaging processor 32, the incoming
distance estimator 33, and a Doppler frequency estimator 34.
The radar receiver 3a periodically calculates the two-time
transmission period T, (2 T,) as a signal processing zone in
the signal processor 21a.

The operations of the reception antenna ANT,, the RF
receiver 17, the A/D converter 22, and the A/D converter 23
are similar to those in the first embodiment, and therefore the
description of the operations will be omitted. As shown in
FIG. 6(b), the reception antenna ANT, receives the above-
described reception signal in zones corresponding to the
transmission periods T,. Therefore, the zones T, where the
reception signal is received are set as measurement zones in
the radar device 1a.

As shown in FIG. 6(c), the discrete time of k=1 shows the
starting timing of the transmission zone T,, in the transmis-
sion period T, of the radio frequency transmission signal s(t)
which is generated by 1Q multiplex while alternately switch-
ing over the transmission code an and the transmission code
b,, in each transmission period T,. The discrete time of k=N,
shows the ending timing of the transmission zone T,, in the
transmission period T, of the radio frequency transmission
signal s(t) which is generated by 1Q multiplex while alter-
nately switching over the transmission code an and the trans-
mission code b,, in each transmission period T,. Moreover,
The discrete time of k=(N,+N,,) shows the timing immedi-
ately before the ending of the transmission period T, of the
radio frequency transmission signal s(t) which is generated
by 1Q multiplex while alternately switching over the trans-
mission code an and the transmission code b,, in each prede-
termined transmission period T,. In FIG. 6(c), in order to
conveniently illustrate the range of the discrete time k, the
range of the discrete time k is shown only in the M-th trans-
mission period.

In synchronization with the operation of the transmission
signal generator 4a, based on the reference signal generated
by the reference oscillator L, in a similar manner as the
transmission signal generator 4a, the first reference signal
generator 24a generates a timing clock which is obtained by
multiplying the reference signal a predetermined number of
times. Based on the generated timing clock, the first reference
signal generator 24a generates a first reference transmission
signal I(k) of the same base band as the transmission signal
I(k) generated by the first modulator 7a.

In the M-th and (M+2)-th transmission periods T, shown in
FIG. 6(a), as described above, the transmission code control-
ler CT1 outputs the transmission code an generated by the
first code generator 5a to the first modulator 7a through the
first switch SW1.
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In the (M+1)-th and (M+3)-th transmission periods T,
shown in FIG. 6(a), moreover, the transmission code control-
ler CT1 outputs the transmission code b,, generated by the
second code generator 64 to the first modulator 7a through the
first switch SW1.

Inthe M-th and (M+2)-th transmission periods T, shown in
FIG. 6(a), therefore, the first reference signal generator 24a
generates the first reference transmission signal I(k) which is
identical with the transmission signal (k) generated based on
the transmission code an supplied to the first modulator 7a.

In the (M+1)-th and (M+3)-th transmission periods T,
shown in FIG. 6(a), moreover, the first reference signal gen-
erator 24a generates the first reference transmission signal
I(k) which is identical with the transmission signal I(k) gen-
erated based on the transmission code b,, supplied to the first
modulator 7a.

The first reference signal generator 24a outputs the first
reference transmission signals I(k) generated in the transmis-
sion periods T,, to the first correlation value calculator 26a.

In synchronization with the operation of the transmission
signal generator 4a, based on the reference signal generated
by the reference oscillator L, in a similar manner as the
transmission signal generator 4a, the second reference signal
generator 25a generates a timing clock which is obtained by
multiplying the reference signal a predetermined number of
times. Based on the generated timing clock, the second ref-
erence signal generator 254 periodically generates the second
reference transmission signal jQ(k) which is obtained by
applying Q-axis phase rotation in the 1Q multiplex to the
transmission signal Q(k) of the same base band as the trans-
mission signal Q(k) generated by the second modulator 8a.

In the M-th and (M+2)-th transmission periods T, shown in
FIG. 6(a), as described above, the transmission code control-
ler CT1 outputs the transmission code b,, generated by the
second code generator 6a to the second modulator 8a through
the second switch SW2.

In the (M+1)-th and (M+3)-th transmission periods T,
shown in FIG. 6(a), moreover, the transmission code control-
ler CT1 outputs the transmission code an generated by the
first code generator 5a to the second modulator 8a through the
first switch SW1.

Inthe M-th and (M+2)-th transmission periods T, shown in
FIG. 6(a), therefore, the second reference signal generator
25a generates the second reference transmission signal jQ(k)
which is obtained by applying Q-axis phase rotation in the 1Q
multiplex to the transmission signal Q(k) that is identical with
the transmission signal Q(k) generated based on the transmis-
sion code b,, supplied to the second modulator 8a.

In the (M+1)-th and (M+3)-th transmission periods T,
shown in FIG. 6(a), moreover, the second reference signal
generator 25a generates the second reference transmission
signal jQ(k) which is obtained by applying Q-axis phase
rotation in the IQ multiplex to the transmission signal Q(k)
that is identical with the transmission signal Q(k) generated
based on the transmission code an supplied to the second
modulator 8a.

The second reference signal generator 25a outputs the
second reference transmission signals jQ(k) generated in the
transmission periods T,, to the second correlation value cal-
culator 27a.

The first correlation value calculator 264 receives the com-
plex signal x(k) of the digital data output from the A/D con-
verter 22, and the first reference transmission signal I(k)
output from the first reference signal generator 24a. The first
correlation value calculator 264 calculates a first correlation
value AC, (k) of the input complex signal x(k) and the first
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reference transmission signal I(k). The symbol of * (asterisk)
represents a complex conjugate operator.

Specifically, in the case of the discrete time k=1 to (N, +
N,), the first correlation value calculator 26a calculates the
first correlation value AC,(k) in accordance with Exp. (8)
above. The first correlation value calculator 26a outputs the
first correlation value AC,(k) which is calculated in accor-
dance with Exp. (8), to the adder 28a.

The second correlation value calculator 27a receives the
complex signal x(k) of the digital data output from the A/D
converter 23, and the second reference transmission signal
jQ(k) output from the second reference signal generator 25a.
The second correlation value calculator 274 calculates a sec-
ond correlation value AC,(k) of the input complex signal x(k)
and the second reference transmission signal jQ(k). The sym-
bol of * (asterisk) represents a complex conjugate operator.

Specifically, in the case of the discrete time k=1 to (N, +
N,,), the second correlation value calculator 274 calculates the
second correlation value AC,(k) in accordance with Exp. (9)
above. The second correlation value calculator 27a outputs
the second correlation value AC,(k) which is calculated in
accordance with Exp. (9), to the adder 28a.

As described above, each of the calculations of the first
correlation value calculator 26a and the second correlation
value calculator 27a is performed on the discrete time k=1 to
(N,+N,). Depending on the existing range of the target which
is the measurement object of the radar device, the measure-
ment range (the range of k) may be further limited.

As a result, the radar device 1a can reduce the calculation
amounts of the first correlation value calculator 264 and the
second correlation value calculator 27a. Namely, the radar
device 1a can reduce the power consumption due to the reduc-
tion of the calculation amounts by the signal processor 21a.

The adder 28a receives the first correlation value AC, (k)
output from the first correlation value calculator 264, and the
second correlation value AC,(k) output from the second cor-
relation value calculator 27a. The adder 28a adds together the
input first correlation value AC,(k) and second correlation
value AC, (k) in a state where the discrete times k are coinci-
dent with each other, as shown in Exp. (10) above to calculate
the 1Q correlation value AC(k). The adder 28a outputs the
calculated IQ correlation value AC(k) to the reception signal
selector 294 and the subtracter 31.

Moreover, the adder 284 outputs first-half correlation val-
ues AC,,,,, (k) of the IQ correlation value AC(k) in the first-
half portions of the transmission zones T, in the transmission
periods T,, to the Doppler frequency estimator 34. Further-
more, the adder 28a outputs second-half correlation values
AC,,,»(k+(N,/2)) of the IQ correlation value AC(k) in the
second-half portions of the transmission zones T,, in the
transmission periods T,, to the Doppler frequency estimator
34.

The Doppler frequency estimator 34 receives the first-half
correlation values AC,, ,, (k) and second-half correlation val-
ues AC,,,, ,(k+(N,/2)) output from the adder 28a. The Doppler
frequency estimator 34 calculates the Doppler frequency f,in
the IQ correlation value AC(k) based on the input first-half
correlation values AC,, ,, (k) and second-half correlation val-
ues AC,,,,,(k+(N,/2)).

Hereinafter, the calculation in the Doppler frequency esti-
mator 34 will be described with reference to FIG. 8. FIG. 8 is
a view showing in detail the transmission codes used in the
transmission periods T, in the radar device 1a of the second
embodiment. As shown in FIG. 14, the complementary code
sequences a,,, b, are obtained by coupling c,,, d,, which are a

0 Vn s VY

pair of subcomplementary codes having a code length [./2, as
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indicated by Exp. (14). Here, c,,, d,, which are a pair of sub-
complementary codes can be expressed as Exp. (15)

[Exp. 14]

ap = lar, az, - 5 arn, Gty -+ > arl a4
=[e1, 25 e s Cipy iy, das o, dipg]

by =[by1, b2y ... s brps Dpyets -oe 5 br]
=[er, c2, v s Cppps —di, =y, oo, =dip]

[Exp. 15]

cn=ler, cas e s el as

dy =ldy, dp, ..., dppl

[In Case of M-th and (M+2)-th Transmission Periods T,]

As shown in FIG. 8, in transmission zones T,, of the M-th
and (M+2)-th transmission periods T,, in the first-half por-
tions of the transmission zones T, the transmission codes
which are IQ multiplexed are indicated by Exp. (16). Simi-
larly, in the second-half portions of the transmission zones
T,,, the transmission codes which are 1Q multiplexed are
indicated by Exp. (17).

[Exp. 16]

Alay + jbs) = Alcy + jcn) (16)
= V2 Aexp(jr {4)c,,

n=1,..,LJ2

[Exp. 17]

Alay + jbn) = Ald, — jdn) (1n
= ﬁAexp(—jn/4)cn,

+1,... ,L

[T

Among the 1Q correlation values AC(k) which are calcu-
lated based on the transmission codes of Exp. (16) and Exp.
(17), the second-half correlation values AC,, , ,(k+(N /2)) in
the second-half portions of the transmission zones T,, are
phase-shifted by —90 degrees with respect to the first-half
correlation values AC_, (k) in the first-half portions of the
transmission zones T,,. Therefore, the Doppler frequency
estimator 34 rotates the phase of the second-half correlation
value AC,,,,(k+(N,/2)) by 90 degrees in order to align the
phase with that of the first-half correlation value AC,, ., (k).
Namely, in order to apply the phase rotation of 90 degrees to
the second-half correlation value AC,, ,,(k+(N,/2)), the Dop-
pler frequency estimator 34 multiplies the second-half corre-
lation value AC,,,, ,(k+(N,/2)) with the imaginary coefficient

Therefore, the Doppler frequency estimator 34 can elimi-
nate the fixed phase difference of 90 degrees between the
phase component of the first-half correlation value and that of
the second-half correlation value. Thereafter, based on the
phase rotation amount which is generated between the phase
component of the first-half correlation value and that of the
second-half correlation value in accordance with the move-
ment of the target, the Doppler frequency estimator 34 calcu-
lates the Doppler frequency £, in accordance with Exp. (18).
The Doppler frequency estimator 34 outputs the calculated
Doppler frequency £, to the reception signal selector 29a. As
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described above, N,=N,xL.. Here, Z[x] indicates the phase
component of the complex number x.

[Exp. 18]

(18)

1 ) N,
1o = s[4 Cunlk + 5 JIA Cua (071 =

Npf2

5 ok 3 wm= 1)) = jQ(m)}}

m=1

T, D)

Npf2
[Z Xk +m = Di(m) +jQ(m)}*} =

m=1

Nr

2

m=(NyJ2)+1

1 _ o
25(T0 2) L[] x(k +m = DiLem) + jQm)} }

N2
[Z x(k +m = D{l(m) +jQ(m)}*}

m=1

[In Case of (M+1)-th and (M+3)-th Transmission Periods
T,]

As showninFIG. 8, in transmission zones T, ofthe (M+1)-
th and (M+3)-th transmission periods T,, in the first-half
portions of the transmission zones T,,, the transmission codes
which are IQ multiplexed are indicated by Exp. (19). Simi-
larly, in the second-half portions of the transmission zones
T,,, the transmission codes which are 1Q multiplexed are
indicated by Exp. (20).

[Exp. 19]

A(b, + ja,) = Ale, + jeu) (19
= V2 Aexp(jr [4)c,,

n=1,...,L/2

[Exp. 20]

A(b, + ja,) = A(—=d, + jd,) 20
= ﬁAexp(j3n/4)dn,

n=-+1 L

Among the IQ correlation values AC(k) which are calcu-
lated based on the transmission codes of Exp. (19) and Exp.
(20), the second-half correlation values AC,,,,(k+(N,/2)) in
the second-half portions of the transmission zones T,, are
phase-shifted by 90 degrees with respect to the first-half
correlation values AC,,,,(k) in the first-half portions of the
transmission zones T,,. Therefore, the Doppler frequency
estimator 34 rotates the phase of the second-half correlation
value AC,,,,,(k+(N,/2)) by —90 degrees in order to align the
phase with that of the first-half correlation value AC,,, (k).
Namely, in order to apply the phase rotation of -90 degrees to
the second-half correlation value AC,, ,,(k+(N,/2)), the Dop-
pler frequency estimator 34 multiplies the second-half corre-
lation value AC;, , ,(k+(N,/2)) with the imaginary coefficient

Therefore, the Doppler frequency estimator 34 can elimi-
nate the fixed phase difference of —90 degrees between the
phase component of the first-half correlation value and that of
the second-half correlation value. Thereafter, based on the
phase rotation amount which is generated between the phase
component of the first-half correlation value and that of the
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second-half correlation value in accordance with the move-
ment of the target, the Doppler frequency estimator 34 calcu-
lates the Doppler frequency f, in accordance with Exp. (21).
The Doppler frequency estimator 34 outputs the calculated
Doppler frequency £, to the reception signal selector 29a. As
described above, N,=N xL.

[Exp. 21]

@D

fath) = i Cuanlk 4 1A Cun 01 =

1
27(T[2)

1 Moo, _
(T, /2) L[‘{; "(" oy rme 1){1(m) + jQim)} }

Npi2
[Z xulh+m— 1)}{1(m) + jQ(m)}*} =
m=1

1 Ny
T2 L[_]m:(/vr/z)u x(k+m— 1D (m) + ]Q(m)}}

Npf2
[Z k4 m — 1)}{1@1) + jQ(m)}*}

m=1

The reception signal selector 294 receives the 1Q correla-
tion value AC(k) output from the adder 284, and the Doppler
frequency f, (k) output from the Doppler frequency estimator
34. The reception signal selector 29a selects an [Q correlation
value AC(k,,) which exceeds the preset predetermined
threshold B, and in which the Doppler frequency £, (k) is not
lower than a preset predetermined threshold D, from the input
1Q correlation value AC(k).

Namely, the reception signal selector 29q extracts discrete
times k,, satisfying Exp. (22), and outputs 1Q correlation
values (k,,,), AC(k,,), . . . , AC(k,,) in which IQ correlation
values AC(k,,, ) corresponding to the extracted discrete times
k,, are arranged in descending order, to the 1Q multiplex
interference component extractor 30. The parameters pl,
P2, ..., pv are natural numbers in the sample numbers 1 to
(N,+N,,), and the ordinal numbers of the discrete times k,,,
corresponding to IQ correlation values AC(k,,,) satisfying
Exp. (11). It is assumed that the parameter q is one of q=1,
2, ..., V. The parameter v is a natural number, and indicates
the number of discrete times k ,, satisfying Exp. (11).

[Exp. 22]

LAC(k, ) =B and fy(k,)=D (22)

Here, the predetermined threshold D indicates a value at
which, in the signal processing, the signal processor 21a
cannot neglect the influence of the Doppler frequency £, that
is generated in accordance with the movement. The meaning
of'the predetermined threshold D is applicable similarly in the
following embodiments.

The averaging processor 32 receives the fourth correlation
value AC'(k) which is derived by the subtracter 31. The aver-
aging processor 32 performs an averaging process due to
addition of the fourth correlation value AC(k) in the periods of
k=1, ..., (N,+N,), on the radar transmission signal in which
the complementary codes a,, b,, in the radar transmission
period (2T,) are alternately 1Q multiplexed to the I axis and
the Q axis. Here, the addition is performed for each of results
of correlation calculations at the times k. The averaging pro-
cessor 32 outputs the average value of the averaged fourth
correlation value AC'(k) to the incoming distance estimator
33.
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As aresult, with respect to a target which is less affected by
the Doppler variation due to movement in targets which are
measurement objects, when the complementary codes a,, b,,
in the radar transmission period (2T,) which are alternately
1Q multiplexed to the I axis and the Q axis are used, the side
lobe can be made ideally zero by using the property of
complementary codes.

Moreover, a process may be added in which noise compo-
nents are suppressed by further performing an averaging pro-
cess for a plurality of radar transmission times, while setting
results of the addition processes of correlation calculation
values for 2T, which are these two radar transmission periods
(T,), as one unit. This enables the radar device 1 to suppress
noise components in the periphery of the radar device 1, and
improve the measurement performance related to estimation
of the incoming angle and distance of the target.

The operations of the IQ multiplex interference component
extractor 30, the subtracter 31, and the incoming distance
estimator 33 are similar to those in the first embodiment, and
therefore the description of the operations will be omitted.

According to the radar device 1a of the second embodi-
ment, even when a target moves, the low range side lobe
characteristics of a signal of a reflected wave from the target
is maintained, and the range side lobe level is effectively
suppressed, whereby impairment of the separation perfor-
mance in detection of a plurality of targets can be suppressed.

According to the radar device 1a of the second embodi-
ment, the transmission code an and the transmission code b,,
are 1Q multiplexed in transmission, and therefore, in order to
obtain a result of one measurement, a time period correspond-
ing to two transmission periods in total is required. According
to the radar device 1a, similarly with the radar device 1 of the
first embodiment, therefore, the number of measurements
within a predetermined time period can be increased, and
namely the measurement performance can be improved.

Moreover, the radar device la selects an 1Q correlation
value which exceeds the predetermined threshold B, and in
which the Doppler frequency f, exceeds the preset predeter-
mined threshold D, and removes an 1Q multiplex interference
component in the selected 1Q correlation value. Therefore,
the radar device 1a does not perform the removal of an 1Q
multiplex interference component on a signal of a reflected
wave in which, even when affected by the Doppler frequency
f, that is generated in accordance with the movement of the
target, the low range side lobe characteristics are not
impaired. In other words, the radar device 1a performs the
removal of an IQ multiplex interference component, only on
a signal of a reflected wave in which, when affected by the
Doppler frequency f, that is generated in accordance with the
movement of the target, the low range side lobe characteris-
tics are impaired. According to the configuration, in the radar
device 1a, the amount of calculation for removing an I1Q
multiplex interference component can be remarkably reduced
as compared to the radar device 1 of the first embodiment.

Modifications 1 of Embodiments

Modifications 1 of the above-described embodiments will
be described with reference to FIGS. 9 and 10. FIG. 9 shows
block diagrams showing the internal configurations of radar
transmitters in Modifications 1 of the embodiments, (a) of the
figure is a diagram showing the internal configuration of a
radar transmitter 26 in Modification 1 of the first embodi-
ment, and (b) of the figure is a diagram showing the internal
configuration of a radar transmitter 2¢ in Modification 1 of the
second embodiment.
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FIG. 10 is a constellation diagram of a radio frequency
transmission signal which is 1Q multiplexed while the
complementary code an is allocated to the I axis and phase-
shifted by —45 degrees, and the complementary code b,, is
allocated to the Q axis and phase-shifted by -45 degrees

In FIG. 10, the reference oscillator L, shown in FIG. 1 is
not shown, but, based on the reference signal generated by the
reference oscillator L, the transmission signal generator 4b
generates a signal which is obtained by multiplying the ref-
erence signal a predetermined number of times. The sections
of the transmission signal generator 4b operate based on the
generated signal.

Based on the reference signal generated by the reference
oscillator L, also the RF transmitter 11 generates a signal
which is obtained by multiplying the reference signal the
predetermined number of times. The RF transmitter 11 oper-
ates based on the generated signal.

In the following description of Modifications 1 of the
embodiments, only the contents which are different from
those of the above-described first or second embodiment will
be described, and the description of the same contents will be
omitted. In the first embodiment or the second embodiment,
in the IQ multiplex, the transmission code an or b,, is allocated
to the I axis, the transmission code b,, or an is directly allo-
cated to the Q axis, and the phase rotation in the allocation is
not considered. In Modifications 1 of the embodiments, as
shown in FIG. 10, after respective applications of phase rota-
tion of a predetermined angle 6, the transmission code an and
the transmission code b,, are IQ multiplexed. In FIG. 10, an
example where the angle 80=—45 degrees is shown. The angle
is not limited to this. Even when 0=45 degrees, similar effects
can be attained. Hereinafter, description will be made in the
sequence of the radar transmitter 26 in Modification 1 of the
first embodiment, and the radar transmitter 2¢ in Modification
1 of the second embodiment.

As shown in FIG. 9(a), the radar transmitter 25 in Modifi-
cation 1 of the first embodiment includes a transmission sig-
nal generator 4b, and the RF transmitter 11. The transmission
signal generator 45 includes a first code generator 54, a sec-
ond code generator 65, a second phase shifter 35, a third phase
shifter 36, a first modulator 75, a second modulator 85, the
LPF 9, and the LPF 10.

In FIG. 9(a), the transmission signal generator 45 is con-
figured so as to include the LPF 9 and the LPF 10. Alterna-
tively, the LPF 9 and the LPF 10 may be configured in the
radar transmitter 26 independently from the transmission sig-
nal generator 4b. The configuration and operation of the RF
transmitter 11 are similar to those of the first embodiment,
and therefore the description of the configuration and the
operation will be omitted. Moreover, the configuration and
operation of the radar receiver in Modification 1 of the first
embodiment are similar to those of the radar receiver 3 in the
first embodiment, and therefore the description of the con-
figuration and the operation will be omitted.

The transmission code an generated by the first code gen-
erator 5b is supplied to the second phase shifter 35. The
transmission code b,, generated by the second code generator
65 is supplied to the third phase shifter 36.

The second phase shifter 35 applies phase rotation corre-
sponding to the predetermined angle 6 to the input transmis-
sion code an. As described above, for example, the second
phase shifter 35 applies phase rotation of —-45 degrees to the
transmission code an output from the first code generator 54.
The second phase shifter 35 supplies the phase-rotated trans-
mission code an to the first modulator 7.

Similarly, the third phase shifter 36 applies phase rotation
corresponding to the predetermined angle 6 to the input trans-
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mission code bn. As described above, for example, the third
phase shifter 36 applies phase rotation of —45 degrees to the
transmission code b,, output from the second code generator
65. The third phase shifter 36 supplies the phase-rotated
transmission code b,, to the second modulator 84.

As shown in FIG. 9(b), the radar transmitter 2¢ in Modifi-
cation 1 of the second embodiment includes a transmission
signal generator 4c¢, and the RF transmitter 11. The transmis-
sion signal generator 4¢ includes a first code generator 5¢, a
second code generator 6c, a second phase shifter 37, a third
phase shifter 38, the first switch SW1, the second switch
SW2, a transmission code controller CT2, a first modulator
7c¢, a second modulator 8¢, the LPF 9, and the LPF 10.

In FIG. 9(b), the transmission signal generator 45 is con-
figured so as to include the LPF 9 and the LPF 10. Alterna-
tively, the LPF 9 and the LPF 10 may be configured in the
radar transmitter 2¢ independently from the transmission sig-
nal generator 4¢. The configuration and operation of the RF
transmitter 11 are similar to those of the second embodiment,
and therefore the description of the configuration and the
operation will be omitted. Moreover, the configuration and
operation of the radar receiver in Modification 1 of the second
embodiment are similar to those of the radar receiver 3a in the
second embodiment, and therefore the description of the con-
figuration and the operation will be omitted.

The transmission code an generated by the first code gen-
erator Sc¢ is supplied to the second phase shifter 37. The
transmission code b generated by the second code generator
6¢ is supplied to the third phase shifter 38.

The second phase shifter 37 applies phase rotation corre-
sponding to the predetermined angle 6 to the input transmis-
sion code an. As described above, for example, the second
phase shifter 37 applies phase rotation of —45 degrees to the
transmission code an output from the first code generator 5c.
The second phase shifter 37 supplies the phase-rotated trans-
mission code an to the first switch SW1 and the second switch
SW2.

Similarly, the third phase shifter 38 applies phase rotation
corresponding to the predetermined angle 6 to the input trans-
mission code bn. As described above, for example, the third
phase shifter 38 applies phase rotation of —45 degrees to the
transmission code b output from the second code generator
6¢. The third phase shifter 38 supplies the phase-rotated trans-
mission code b to the first switch SW1 and the second switch
SW2.

The operations of the first switch SW1, the second switch
SW2, the transmission code controller CT2, the first modu-
lator 7¢, and the second modulator 8¢ are similar to those in
the second embodiment, and therefore the description of the
operations will be omitted.

As described above, as compared to the radar device 1 of
the first embodiment or the radar device 1a of the second
embodiment, the radar devices of Modifications 1 of the
embodiments generate the radio frequency transmission sig-
nal based on the signal point arrangement after IQ multiplex
shown in FIG. 10. According to the radar devices of Modifi-
cations 1 of the embodiments, in addition to the effects of the
above-described radar device 1 or 1a, therefore, an average
transmission power can be reduced because, in the case where
phase rotation of 45 degrees or —45 degrees is applied in the
phase shifter, the signal points of the above-described radio
frequency transmission signal s(t) in IQ multiplex are placed
on the I axis and the Q axis.

Modifications 2 of Embodiments

Modifications 2 of the above-described embodiments will
be described with reference to FIG. 11. FIG. 11 shows block
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diagrams showing the internal configurations of signal pro-
cessors of radar receivers in Modifications 2 of the embodi-
ments, (a) of the figure is a diagram showing the internal
configuration of a signal processor 214 of a radar receiver in
Modification 2 of the first embodiment, and (b) of the figure
is a diagram showing an internal configuration of a signal
processor 21e of the radar receiver in Modification 2 of the
second embodiment.

In the following description of Modifications 2 of the
embodiments, only the contents which are different from
those of the above-described first or second embodiment will
be described, and the description of the same contents will be
omitted. In the first embodiment or the second embodiment,
based on the phase component 6(k,, ) of the IQ correlation
values AC(k,,, ) output from the reception signal extractor 29
or the reception signal selector 294, the IQ multiplex inter-
ference component extractor 30 calculates the component
perpendicular to the phase component 6(k,,,), as an IQ mul-
tiplex interference component.

In Modification 2 of the first embodiment in Modifications
2 of the embodiments, an 1Q multiplex interference compo-
nent generator 39 is disposed in place of the IQ multiplex
interference component extractor 30. In Modification 2 of the
second embodiment, furthermore, an 1Q multiplex interfer-
ence component generator 40 is disposed in place of the IQ
multiplex interference component extractor 30. The 1Q mul-
tiplex interference component generators 39, 40 accurately
calculate a replica of the IQ multiplex interference compo-
nent based on the phase component 6(k,,).

As shown in FIG. 11(a), the signal processor 21d in Modi-
fication 2 of the first embodiment includes the A/D converters
22, 23, the first and second reference transmission signal
generators 24, 25, the first and second correlation value cal-
culators 26,27, the adder 28, the reception signal extractor 29,
the 1Q multiplex interference component replica generator
39, the subtracter 31, the averaging processor 32, and the
incoming distance estimator 33.

Similarly with the signal processor 21 in the first embodi-
ment, the signal processor 21d periodically calculates the
transmission periods T, as signal processing zones in the
signal processor 21. Moreover, the configurations and opera-
tions of the radar transmitter and the RF receiver of the radar
receiver in Modification 2 of the first embodiment are similar
to those of the radar transmitter 2 and the RF receiver 17 inthe
first embodiment, and therefore the description of the con-
figurations and the operations will be omitted.

The operations of the A/D converters 22, 23, the first and
second reference transmission signal generators 24, 25, the
first and second correlation value calculators 26, 27, the adder
28, the reception signal extractor 29, the averaging processor
32, and the incoming distance estimator 33 are similar to
those of the first embodiment, and therefore the description of
the operations will be omitted.

The IQ multiplex interference component replica genera-
tor 39 receives the 1Q correlation values AC(k,,,,) output from
the reception signal extractor 29. Based on the IQ correlation
values AC(k,,,), the 1Q multiplex interference component
replica generator 39 calculates an 1Q multiplex interference
component replica U(k) in accordance with Exp. (23). The IQ
multiplex interference component replica generator 39 out-
puts the calculated 1Q multiplex interference component rep-
lica U(k) to the subtracter 31. Here, k=k, -NoL+1,k,,, . . .,
k,,+NyL-1. However, the case where k<1 or k>(N,+N,) is
not included in the range where the replica producing process
is to be performed.
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[Exp. 23]

Ny
Utk = AC(kpq)Z Uk +m =1+ jOtk + m = DHI(m) + jOm)}*

m=1

@23

The subtracter 31 receives the 1Q multiplex interference
component replica U(k) output from the IQ multiplex inter-
ference component replica generator 39. As indicated in Exp.
(24), the subtracter 31 removes (subtracts) the 1Q multiplex
interference component replica U(k) which is calculated
based on Exp. (23), from the IQ correlation values AC(k)
which are extracted by the reception signal extractor 29. The
subtracter 31 derives the fourth correlation value AC(k) from
which the IQ multiplex interference component is accurately
removed, as a result of the removal. The subtracter 31 outputs
the derived fourth correlation value AC(k) to the averaging
processor 32.

[Exp. 24]

AC'(kK)=AC(R)-U(k) (24)

According to the configuration, the subtracter 31 can accu-
rately remove the range side lobe component from the 1Q
correlation values AC(k) which are extracted by the reception
signal extractor 29. Also when a signal of a reflected wave
reflected from a moving target is received, therefore, the
subtracter 31 can obtain the fourth correlation value AC'(k) in
which the range side lobe level is effectively suppressed.

As shown in FIG. 11(b), the signal processor 21e of the
radar receiver in Modification 2 of the second embodiment
includes the A/D converters 22, 23, the first and second ref-
erence transmission signal generators 24a, 254, the first and
second correlation value calculators 26a, 27a, the adder 28a,
the reception signal selector 29a, the IQ multiplex interfer-
ence component replica generator 40, the subtracter 31, the
averaging processor 32, the incoming distance estimator 33,
and the Doppler frequency estimator 34.

Similarly with the signal processor 21 in the second
embodiment, the signal processor 21e periodically calculates
the two-time transmission period T, (2T,) as a signal process-
ing zone in the signal processor 21e. Moreover, the configu-
rations and operations of the radar transmitter and the RF
receiver of the radar receiver in Modification 2 of the second
embodiment are similar to those of the radar transmitter 2a
and the RF receiver 17 in the second embodiment, and there-
fore the description of the configurations and the operations
will be omitted.

The operations of the A/D converters 22, 23, the first and
second reference transmission signal generators 24a, 254a, the
first and second correlation value calculators 26a, 27a, the
adder 28a, the reception signal selector 29a, the Doppler
frequency estimator 34, the averaging processor 32, and the
incoming distance estimator 33 are similar to those of the
second embodiment, and therefore the description of the
operations will be omitted.

The IQ multiplex interference component replica genera-
tor 40 receives the IQ correlation values AC(k,,,,) output from
the reception signal extractor 29a. Based on the phase com-
ponent 6(k,, ) of the calculated 1Q correlation values AC(k,, ),
the 1Q multiplex interference component replica generator 40
calculates the 1Q multiplex interference component replica
U(k) in accordance with above-described Exp. (22). The 1Q
multiplex interference component replica generator 40 out-
puts the calculated 1Q multiplex interference component rep-
lica U(k) to the subtracter 31. Here, k=k,,,~NoL+1,k

pgs s

10

15

20

25

30

35

40

45

50

55

60

30
k,,+NyL-1. However, the case where k<1 or k>(N,+N,) is
not included in the range where the replica producing process
is to be performed.

The subtracter 31 receives the 1Q multiplex interference
component replica U(k) output from the IQ multiplex inter-
ference component replica generator 40. As indicated in
above-described Exp. (23), the subtracter 31 removes (sub-
tracts) the 1Q multiplex interference component replica U(k)
which is calculated by above-described Exp. (23), from the
1Q correlation values AC(k) which are extracted by the recep-
tion signal extractor 29. The subtracter 31 derives the fourth
correlation value AC(k) from which the IQ multiplex inter-
ference component is accurately removed, as a result of the
removal. The subtracter 31 outputs the derived fourth corre-
lation value AC(k) to the averaging processor 32.

According to the configuration, the subtracter 31 can accu-
rately remove the range side lobe component from the 1Q
correlation values AC(k,,,) which are selected by the recep-
tion signal selector 29a. Also when a signal of a reflected
wave reflected from a moving target is received, the subtracter
31 can obtain the fourth correlation value AC(k,,,) in which
the range side lobe level is effectively suppressed.

As described above, as compared to the radar device 1 of
the first embodiment or the radar device 1a of the second
embodiment, the radar devices of Modifications 2 of the
embodiments accurately generate the 1Q multiplex interfer-
ence component. According to the radar devices of Modifi-
cations 2 of the embodiments, in addition to the effects of the
above-described radar device 1 or 1a, therefore, impairment
of'the low range side lobe characteristics due to movement of
the target can be more effectively suppressed.

Description of Results of Simulations of First
Embodiment

Results of simulations of the accuracy of detecting a target
which were conducted while setting operation conditions of
the radar device 1 of the first embodiment will be described
with reference to FIG. 12. FIG. 12 shows views showing
results of simulations related to the accuracy of detection of a
target, (a) of the figure is a view in the case where radio
frequency transmission signals which were generated based
on the complementary codes a,, b, were time-divisionally
transmitted by a conventional radar device, and (b) of the
figure is a view in the case where radio frequency transmis-
sion signals which were generated by 1Q multiplexing the
complementary codes a,, b, were transmitted by the radar
device of the first embodiment.

Conditions for the simulations are listed below.

(a) Carrier frequency f,=60 [GHz]

(b) Frequency bandwidth=500 [MHz]

(¢) Pulse width T,=2 [ns]

(d) Length L of pulse compression code=256

(e) Transmission period T,=1.024 [s]

(f) Transmission zone T, =0.512 [s]

(g) Transmission power=10 [dB]

(h) Antenna gain=20 [dB]

(1) Radar receiver NF=10 [dB]

(§) Number of averagings (Number of transmissions in
transmission period Tr)=20

(k) Number of targets=2

(1) Positions of targets=10 [m], 40 [m]

(m) Target RCS (Radar Cross Section)=20 [dBsm], 0
[dBsm]

(n) Moving speeds of targets=80 [km/h], O [km/h]

(o) Doppler frequencies of targets=8,592 [Hz|, 0 [Hz]



US 9,213,091 B2

31

In FIG. 12(a), the signal (main lobe) of a reflected wave
reflected from a target which exists in a position separated
from a conventional radar device by 40 [m] is buried in the
signal (range side lobe) of a reflected wave reflected from
another target which is located at a short distance (10 [m]). In
the case where radio frequency transmission signals which
are generated respectively based on the complementary codes
a,, b, are transmitted in a time divisional manner by a con-
ventional radar device, as described above, it is difficult to
detect the target which is originally located in the position of
40 [m].

However, FIG. 12(5) shows a state where a target which
exists in a position separated from the radar device 1 by 10
[m], and that which exists in a position separated by 40 [m]
were accurately detected. According to the radar device 1 of
the first embodiment, even in the case where the target which
exists in a position separated by 10 [m] moves and the influ-
ence of the Doppler frequency {, is exerted, therefore, the low
range side lobe characteristics of the signal of a reflected wave
reflected from the target can be maintained. According to the
radar device 1 of the first embodiment, namely, the target
which exists in a position separated by 10 [m], and that which
exists in a position separated by 14 [m] can be accurately
detected.

Although various embodiments have been described with
reference to the accompanying drawings, it is a matter of
course that the radar device of the invention is not restricted to
the examples. It is obvious to those skilled in the art that
various changes and modifications can be made within the
scope of the appended claims, and it is to be understood that
they naturally belong to the technical scope of the invention.

In the above-described embodiments, the A/D converters
22,23 convert the in-phase signal and Quadrate signal output
from the quadrature detector 20 of the RF receiver 17, to
digital data by oversampling corresponding to the discrete
time k. However, the A/D converters 22, 23 may not perform
A/D conversion at the same sampling rate as the base-band
transmission signal in the radar transmitter 2.

In the radar transmitters in the above-described embodi-
ments, for example, the base-band transmission signal is gen-
erated by using the sample number of N, for the code length
of L. This corresponds to oversampling of N,/L samples per
code. In the radar receivers in the above-described embodi-
ments, even in the case of one time sample or more per code,
however, the signal process on the reception signal is enabled.

The first code generator 5a, second code generator 6a, first
switch SW1, and second switch SW2 which are described
above may not be disposed in the transmission signal genera-
tor 4a, and, as shown in FIG. 13, a transmission code storage
CM which previously stores the transmission code an and
transmission code b,, generated by the transmission signal
generator 4a may be disposed. The transmission code storage
CM shown in FIG. 13 is not limited to the second embodi-
ment, but is similarly applicable to the first embodiment. FI1G.
13 is a block diagram showing the internal configuration of a
transmission signal generator 4f which is another example of
the transmission signal generator 4a of the radar device 1a of
the second embodiment. The transmission signal generator 4f°
includes the transmission code storage CM, a transmission
code controller CT3, a first modulator 7/, a second modulator
8/, the LPF 9, and the LPF 10.

In FIG. 13, in each transmission period T,, the transmission
code controller CT3 cyclically reads out the transmission
code to be output to the first modulator 7f and the second
modulator 8f, from the transmission code storage 7a, and
outputs it. Specifically, in the M-th and (M+2)-th transmis-
sion periods T, shown in FIG. 0(a), the transmission code
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controller CT3 reads out the transmission code an from the
transmission code storage CM, and outputs it to the first
modulator 77, and further reads out the transmission code b,,
and outputs it to the second modulator 8f

In the (M+1)-th and (M+3)-th transmission periods T,
shown in FIG. 6(a), the transmission code controller CT3
reads out the transmission codeb,, from the transmission code
storage CM, and outputs it to the first modulator 7f, and
further reads out the transmission code an and outputs it to the
second modulator 8f. The operations subsequent to the
respective outputs to the first modulator 7f and the second
modulator 8f are similar to those of the above-described
embodiments, and therefore description of the similar con-
tents will be omitted.

The application is based on Japanese Patent Application
(No. 2010-197023) filed Sep. 2, 2010, and its disclosure is
incorporated herein by reference.

INDUSTRIAL APPLICABILITY

The radar device of the invention is useful as a radar device
in which, even when a target moves, the low range side lobe
characteristics of a signal of a reflected wave from the target
is maintained, and the range side lobe level is effectively
suppressed, thereby suppressing impairment of the separa-
tion performance in detection of a plurality of targets.

DESCRIPTION OF REFERENCE NUMERALS
AND SIGNS

1, 1a radar device

2, 2a, 2b, 2¢ radar transmitter

3, 3a radar receiver

4, 4a, 4b, 4c¢ transmission signal generator
5, 5a first code generator

6, 6a second code generator

7, 7a, 7b, ¢ first modulator

8, 8a, 8b, 8¢ second modulator

9,10 LPF

11 RF transmitter

12, 14 mixer

13 first phase shifter

15, 28 adder

16, 18 amplifier

17 RF receiver

19 frequency converter

20 quadrature detector

21, 21a, 214, 21e signal processor

22, 23 A/D converter

24 first reference signal generator

25 second reference signal generator
26 first correlation value calculator
27 second correlation value calculator
29 reception signal extractor

294 reception signal selector

30 IQ multiplex interference component extractor
31 subtracter

32 averaging processor

33 incoming distance estimator

34 Doppler frequency estimator

35, 37 second phase shifter

36, 38 third phase shifter

ANT, transmission antenna

ANT, reception antenna

CM transmission code storage

CT1, CT2, CT3 transmission code controller
L, L, reference oscillator
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SW1 first switch

SW2 second switch

T, transmission period

T,, transmission zone

The invention claimed is:

1. A radar device including:

acode generator which generates a first code sequence and
a second code sequence constituting a pair of comple-
mentary codes;

a first modulator which modulates the first code sequence
to generate a first transmission signal;

a second modulator which modulates the second code
sequence to generate a second transmission signal;

a quadrature modulator which performs quadrature modu-
lation by using the first transmission signal and the sec-
ond transmission signal that are generated by the first
modulator and the second modulator, respectively;

an amplifier which generates a radio frequency transmis-
sion signal from a signal that is quadrature modulated by
the quadrature modulator; and

an antenna which transmits the radio frequency transmis-
sion signal from a transmission antenna.

2. The radar device according to claim 1, further compris-

ing:

a transmission code controller which, in each predeter-
mined transmission period, switches the code sequence
which is modulated by the first modulator or the second
modulator, from the first code sequence or the second
code sequence to the second code sequence or the first
code sequence.

3. The radar device according to claim 2, further compris-

ing:

an RF receiver which converts a signal of the reflected
wave that is obtained by reflecting the radio frequency
transmission signal received by the reception antenna,
from the target, to a base-band reception signal;

a first correlation value calculator which calculates a first
correlation value of the reception signal that is converted
by the RF receiver, and a signal being identical with the
first transmission signal that is generated by the first
modulator;

a second correlation value calculator which calculates a
second correlation value of the reception signal that is
converted by the RF receiver, and a signal being identi-
cal with the second transmission signal that is generated
by the second modulator;

an adder which adds the first correlation value that is cal-
culated by the first correlation value calculator and the
second correlation value that is calculated by the second
correlation value calculator, to derive a third correlation
value;

an IQ multiplex interference component extractor which,
in the third correlation value that is derived by the adder,
extracts a phase component of the third correlation value
exceeding a threshold for removing an IQ multiplex
interference component that is generated in accordance
with transmission of the radio frequency transmission
signal, to calculate the IQ multiplex interference com-
ponent;

a subtracter which subtracts the IQ multiplex interference
component that is calculated by the IQ multiplex inter-
ference component extractor, to derive a fourth correla-
tion value; and

a Doppler frequency estimator which calculates a Doppler
frequency that is generated due to movement of the
target, based on the first correlation value that is calcu-
lated by the first correlation value calculator and the
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second correlation value that is calculated by the second
correlation value calculator.

4. The radar device according to claim 3, further compris-

ing:

a reception signal selector which, in the third correlation
value that is derived by the adder, selects the third cor-
relation value that exceeds the threshold for removing
the 1Q multiplex interference component that is gener-
ated in accordance with transmission of the radio fre-
quency transmission signal, wherein a frequency com-
ponent in the third correlation value exceeds the Doppler
frequency that is calculated by the Doppler frequency
estimator.

5. The radar device according to claim 1, further compris-

ing:

an RF receiver which converts a signal of the reflected
wave that is obtained by reflecting the radio frequency
transmission signal received by the reception antenna,
from the target, to a base-band reception signal;

a first correlation value calculator which calculates a first
correlation value of the reception signal that is converted
by the RF receiver, and a signal being identical with the
first transmission signal that is generated by the first
modulator;

a second correlation value calculator which calculates a
second correlation value of the reception signal that is
converted by the RF receiver, and a signal being identi-
cal with the second transmission signal that is generated
by the second modulator;

an adder which adds the first correlation value that is cal-
culated by the first correlation value calculator and the
second correlation value that is calculated by the second
correlation value calculator, to derive a third correlation
value;

an 1Q multiplex interference component extractor which,
in the third correlation value that is derived by the adder,
extracts a phase component of the third correlation value
exceeding a threshold for removing an 1Q multiplex
interference component that is generated in accordance
with transmission of the radio frequency transmission
signal, to calculate the 1Q multiplex interference com-
ponent; and

a subtracter which subtracts the IQ multiplex interference
component that is calculated by the IQ multiplex inter-
ference component extractor, to derive a fourth correla-
tion value.

6. The radar device according to claim 5, further compris-

ing:

an averaging processor which, for a plurality of transmis-
sion periods,

averages the fourth correlation value that is derived by the
subtracter.

7. The radar device according to claim 6, further compris-

ing:

an incoming distance estimator which calculates an incom-
ing distance of the target based on the fourth correlation
value that is averaged by the averaging processor.

8. The radar device according to claim 5, further compris-

ing:

a reception signal extractor which, in the third correlation
value that is derived by the adder, extracts the third
correlation value exceeding the threshold for removing
the 1Q multiplex interference component that is gener-
ated in accordance with transmission of the radio fre-
quency transmission signal.

9. The radar device according to claim 1, further compris-

ing:
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an A/D converter which converts the reception signal that is
converted by the RF receiver, to digital data.

10. The radar device according to claim 1, further compris-

ing:

a first reference signal generator which, in synchronization
with a transmission period of the radio frequency trans-
mission signal, generates a first reference transmission
signal that is a signal identical with the first transmission
signal that is generated by the first modulator; and

a second reference signal generator which, in synchroni-
zation with the transmission period of the radio fre-
quency transmission signal, generates a second refer-
ence transmission signal that is a signal identical with
the second transmission signal that is generated by the
second modulator.

11. The radar device according to claim 1, further compris-

ing:

asecond phase shifter which, before modulation by the first
modulator, applies phase rotation of 45 degrees or —45
degrees to the first code sequence; and

a third phase shifter which, before modulation by the sec-
ond modulator, applies phase rotation of 45 degrees or
-45 degrees to the second code sequence.

12. The radar device according to claim 1, further compris-

ing:

an RF receiver which converts a signal of the reflected
wave that is obtained by reflecting the radio frequency
transmission signal received by the reception antenna,
from the target, to a base-band reception signal;
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a first correlation value calculator which calculates a first
correlation value of the reception signal that is converted
by the RF receiver, and a signal being identical with the
first transmission signal that is generated by the first
modulator;

a second correlation value calculator which calculates a
second correlation value of the reception signal that is
converted by the RF receiver, and a signal being identi-
cal with the second transmission signal that is generated
by the second modulator;

an adder which adds the first correlation value that is cal-
culated by the first correlation value calculator and the
second correlation value that is calculated by the second
correlation value calculator, to derive a third correlation
value;

an 1Q multiplex interference component replica generator
which, in the third correlation value that is derived by the
adder, calculates an 1Q multiplex interference compo-
nent that is generated in accordance with transmission of
the radio frequency transmission signal, based on a
phase component of the third correlation value exceed-
ing a threshold for removing the 1Q multiplex interfer-
ence component; and

a subtracter which subtracts the IQ multiplex interference
component that is generated by the 1Q multiplex inter-
ference component replica generator, from the third cor-
relation value exceeding the threshold, to derive a fourth
correlation value.
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